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1. INTRODUCTION

Recent years have seen a rapid increase in research on quantum-well physics,
materials, devices and theories. The emergence of quantum-well electronics has
ushered in a new era in tailoring materials and structures for specific purposes, and
now offers the possibility to advance the state of the art of submillimeter technology
and a means to study high speed processes in semiconductors. This activity is indica-
tive of the great need for ultra-fast active components. The program summarized here

has developed some new approaches to fill this need.

At Lincoln Laboratory we have placed our primary effort in the recent ARO pro-
gram on the area of resonant-tunneling devices. We have studied the physics of
resonant tunneling and developed oscillators, multipliers, and mixers into the submil-
limeter spectrum. Preliminary work into the feasibility of resonant-tunneling transistors
has also been undertaken. Planar antenna arrays have been investigated initially for
application to detector arrays, but they may also have application for oscillator arrays.
The results from all these studies have been so encouraging that we are planning to
continue development of these devices and to investigate new phenomena involving

coupled quantum wells.
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2. RESULTS

Progress during the contract period has been reported in the semiannual progress
reports to ARO. Below are listed significant highlights, the details of which appear in
the reprints and preprints that are appended to this report. In most cases the work
received additional support from other sponsors. An overview of some of the devices

developed under this program can also be found in Appendix A.

2.1. Large Negative Differential Conductance at Room Temperature

Early resonant-tunneling structures required cooling to achieve negative
differential conductance. However, by using thin AlAs barriers instead of the AlGaAs
alloy and by reducing the impurity concentration outside the barriers, we have obtained
peak-to-valley ratios of 3.5:1 and current densities of 4x10* A/cm? at room tempera-
ture. This development has greatly simplified the fabrication and testing of a variety
of devices, in particular oscillators, and has expedited other investigations of the phys-

ics of resonant tunneling. (See Appendix B for details.)

2.2. Room-Temperature Oscillators

We have achieved fundamental oscillation frequencies up to 420 GHz using the
negative differential conductance region of the resonant-tunneling current-voltage (I-V)
curve. (See Appendix C for results up to 200 GHz. The 420 GHz results are in
preparation.) This oscillation frequency confirms our predictions of the extrinsic max-
imum oscillation frequency for the double-barrier structure used in these experiments
and surpasses any tunnel diode result reported in the literature. However, the power
measured at 200 GHz is only 0.2 uW for this material, largely because this frequency
is very close to the maximum oscillation frequency of 270 GHz. At lower frequencies
(¢ 60 GHz) we have measured powers between 50 and 200 uW. Although these

powers are insufficient for use as a local oscillator with a room-temperature Schottky
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diode mixer, they are more than enough for a local oscillator with superconductor-
insulator-superconductor (SIS) mixers operating at 4 K. We have also measured other
properties of the resonant-tunneling oscillator specific to its application as a local oscil-
lator. Frequency tunability of over 10% has been demonstrated near 100 GHz, and
injection locking is possible with injected power 20 dB below the peak oscillator
power. This latter fact and specific noise measurements indicate that resonant-

tunneling oscillators should be quite low in noise content.

2.3. Self-Oscillating Harmonic Mixer

The resonant-tunneling diode has the capability to act as an efficient mixer
because of the rapid variation of the dynamic conductance with voltage near the
negative-differential-resistance region of the I-V curve. For a diode oscillating with a
DC bias at the center of this negative-differential-resistance range, the time-varying
dynamic conductance actually has a predominant Fourier component at the second har-
monic of the oscillation frequency. This implies that the conversion efficiency should
be high for signals at twice the oscillation frequency. We have experimentally studied
the properties of this harmonic conversion with a resonant-tunneling structure that
oscillated at 50 GHz. The conversion loss of a 100-GHz signal was found to be about
12 dB, which is near the state of the art for harmonic mixers. This suggests that self-
oscillating resonant-tunneling mixers could be very useful in the millimeter-wave band,
perhaps replacing conventional Schottky diode mixers in applications where the use of
a separate local oscillator is either difficult or undesirable. (See Appendix A for

details.)

2.4. Multipliers

We have used double-barrier resonant-tunneling structures as microwave and

millimeter-wave multipliers. The antisymmetry of the I-V curve about the origin, i.e.,
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I(V)=-1(-V), combined with the presence of a negative differential resistance region,
suggests that fifth-harmonic generation should be especially efficient with a DC bias
voltage near zero. We have observed fifth-harmonic efficiencies of -23 dB multiplying
from 4 to 20 GHz without optimized device or load impedances. Theoretical predic-
tions suggest that efficiencies slightly greater than -10 dB should be obtainable. The
maximum output frequency should be on the order of the maximum oscillation fre-

quency, as discussed in Appendix D.

2.5. Ultimate Frequency Limits for Resonant-Tunneling Diodes

We have calculated the times required for charge transport through various parts
of the double-barrier structure, including the depletion region. Using the experimen-
tally observed oscillation frequencies, we have shown that the WKB approximation
greatly overestimates the storage time of charge in the well, and that a calculation
method based on the energy width of the resonant state gives results consistent with
the measurements. Also, the transit time across the depletion region can be important
at higher frequencies, as can the RC time determined by parasitic series resistance and
device capacitance. This theoretical foundation provides a guide to design of higher
frequency structures and suggests that there are no fundamental or practical impedi-
ments to development of resonant-tunneling oscillators up to several hundred gigahertz.

(See Appendix E for details.)

2.6. Persistent Photoconductivity

We have made the first observation of persistent photoconductivity in resonant-
tunneling structures. Illumination at low temperatures of structures with Aly1Gag;As
barriers results in a persistent shift of the current-voltage (I-V) curve. This is
explained by modifications to the conduction band from fixed positive charges in the

barriers and equal negative charges that accumulate outside the barriers. The fixed
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positive charge arises from ionization of DX centers located in the barriers. Calculated
I-V curves agree with our measurements, and the derived DX center density agrees
with estimates from material-growth constants. This effect has been useful in deter-
mining the heterojunction parameters (as described in Appendix F) and in estimating
the performance of the structure in which the quantum well is contacted to form a
resonant-tunneling transistor. In the latter case, the change of the well potential with
respect to the contacts (caused by the DX center ionization) permitted an estimate of
transistor transconductance and cutoff frequency. (Appendix H has details of the

transistor.)

2.7. Resonant-Tunneling Transistor

A resonant-tunneling transistor has been proposed and fabrication feasibility stu-
dies have begun. The persistent photoconductive effects discussed above have made it
possible to estimate the transconductance and unity-current-gain frequency fr for a
transistor based on the double-barrier resonant-tunneling structure, in which the well
serves as the control electrode. With conservative assumptions based on experimen-
tally obtained current densities, the projected transconductance g, for a 1-um emitter
stripe is 2000 mS/mm. This corresponds to a fr of at least 50-100 GHz and a max-
imum frequency of oscillation f,, of 150-200 GHz. Moreover, an increase in current
density beyond that presently attained by over a factor of 10 is predicted theoretically,
which should increase the fr to well over 100 GHz. (See Appendix F for details.)
We have developed a technique for growing thicker epitaxial layers that are attached to
the thin quantum well by growing on the sidewall and horizontal surfaces of an
etched-groove structure. Horizontal barriers and wells nearly three times as thick as
on the sidewalls have been achieved. This should simplify the fabrication of contacts

to the thin quantum wells.
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2.8. Picosecond Optical Measurements

The switching time of one of our resonant-tunneling diodes (with oscillation
cutoff frequency of 270 GHz) has been measured, using optically generated picosecond
electrical pulses. The measurement was made in collaboration with Gerard Mourou
and his students at the University of Rochester. (See Appendix H for details.) The
observed switching time of 2 ps is in agreement with an approximate theory of switch-
ing time: T = C(AV/AI), where AV(AI) is the voltage (current) excursion of the nega-
tive differential resistance region. These experiments confirm our earlier measure-
ments in the frequency domain, and suggest that the device could act as a high-speed

switch. Promising digital applications are being explored.

2.9. Planar Dipole-Fed Mixer Arrays

A planar double-dipole antenna containing a beam-lead Schottky diode has been
developed to produce the best sensitivity of any planar mixer above 100 GHz
[T,ec = 4900 K (DSB)] at 140 GHz. This element has also been incorporated into a
planar two-dimensional array that performed well for element spacing of about two
wavelengths. (See Appendix I for details.) With the Schottky diode replaced by a
resonant-tunneling diode, the double-dipole could act as a resonator for oscillations in
the submillimeter region. If successful, the oscillating elements could then be com-

bined in an array to greatly increase the output power.

2.10. Rocket-Plume Spectroscopy at 557 GHz with a Compact Solid-State

Radiometer

We have developed a compact, solid-state submillimeter-wave heterodyne radiom-
eter and have used it to measure spectral characteristics of a simulated rocket exhaust
plume. Features of the 557-GHz water-vapor line profile were observed in

significantly greater detail than in previous experiments through increased sensitivity
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and improved frequency resolution (600 kHz). A prominent self-reversal feature from
a warmer central core of the plume was observed. The local oscillator of the radiome-
ter utilized a frequency multiplication chain consisting of an InP Gunn oscillator at
92.6 GHz driving a frequency tripler and second-harmonic mixer in cascade. The
receiver had a noise temperature of 4500 K (DSB) at 555 GHz, consumed 3 W and
weighed 3 kg. (This project was carried out in collaboration with N.R. Erickson,
University of Massachusetts, Amherst. See Appendix J for details.)




APPENDIX A

T.C.L.G. SOLLNER, E.R. BROWN, and H.Q. LE

Microwave and Millimeter-Wave
Resonant-Tunneling Devices

Resonant-tunneling devices, which may be capable of operation at terahertz frequen-
cies, have been developed and tested. Included in these solid state microelectronic
components are oscillators, self-oscillating mixers, and harmonic multipliers. A char-
acteristic of these devices, negative differential resistance (NDR), has been observed at
room temperature. Resonant-tunneling transistors, which promise operation in the
terahertz frequency range, are also proposed.

PHYSICS OF RESONANT TUNNELING

A resonant-tunneling diode can respond to
electrical impulses in picosecond or subpico-
second times. Therefore, these devices may
provide a basis for developing electronic devi-
ces that operate at terahertz frequencies.

The essential features of resonant tunneling
are shown in Fig 1. A thin layer of GaAs (2 to 10
nm) is sandwiched between two thin layers of
Al,Ga, ,As. The addition of aluminum to GaAs
raises the band-gap above that of GaAs so the
Al,Ga,_,As regions act as partially transparent
mirrors to electrons; the higher energy level of
these barriers reflects the electronsback to the
region of the structure from which they came.
The charge transport across the structure takes
place by tunneling through the thin (1 to 5 nm)
Al,Ga,_,As barriers.

This structure is the electron analog of a
Fabry-Perot resonator. As shown schematic-
ally at the bottom of Fig. 1, the resonator
exhibits peaks in the electron transmission
(current) as the incident electron energy (vol-
tage) changes.

The physical implementation of these prin-
ciples is summarized in Fig. 2. The layered
material is grown in wafer form by molecular
beam epitaxy. Then the active regions are de-
fined with ohmic contacts. These contacts are
used as a mask to isolate the region under the
contact, either by etching mesas (as shown in
Fig. 2), or by proton implantation, which makes
the surrounding material nonconductive. Be-
cause the contact is only a few microns in
diameter, electrical connection to the ohmic
contact is made with a pointed wire (whisker).

The Lincoln Laboratory Journal, Volume 1, Number 1 (1988)

In some cases, the whisker acts as an antenna,
coupling high-frequency ac fields to the double-
barrier diode.

Using the Fabry-Perot analogy, coherence of
the electron-wave function is required across
the entire double-barrier region to maintain
resonant tunneling. Any scattering that occurs
in either the well or the barriers will alter the
wave function phase randomly, destroying its
coherence and therefore, the conditions re-
quired for resonant tunneling. But a different
picture (see Appendix, “Resonant Tunneling
Theory"”), one that does not require coherence
between the parts of the wave function outside
and inside the well, can produce negative resis-
tance, the essential characteristic that is ex-
ploited in the devices that are described in this
article.

In 1973, Tsu and Esaki [1] derived the two-
terminal current-voltage (I-V) curves for finite
multiple-barrier structures. This matching tech-
nique has been remarkably successful in explain-
ing experimental results. In 1974, Chang et al
(2] were the first to observe resonant tunneling
in amonocrystalline semiconductor. They used
a two-barrier structure and observed the reso-
nances in the current by measuring the I-V curve
of the structure. The voltages at the current
peaks agreed well with Chang'’s calculations.

A decade later, interest in the field was
renewed when Sollner et al (3] showed that the
intrinsic charge transport mechanism of a two-
barrier diode could respond to voltage changes
in less than 0.1 ps (> 1 THz). More recently,
negative differential resistance (NDR), a char-
acteristic of resonant tunneling, has been mea-
sured at room temperature (4].
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Fig. 1(a) — The energy profile of an electron in a double-
barrier resonant-tunneling structure is shown here. The
top illustration, which includes the energy well pro-
duced by the two Al,Gay_,As layers, shows the unbiased
energy profile. The Al,Ga;.,As layers act as partially
transparent mirrors to the electrons, similar to a Fabry-
Perot resonator. (b) In this plot of diode current as a
function of incident electron energy, the large resonant
current at point A corresponds to the energy profile of A;
the valley in the current-profile at point B corresponds to
energy profile of B. Although the energy of incident
electrons is higher at B, the absence of resonance low-
ers the current.

SPEED OF RESPONSE

Two factors indicate that the response time
of a double-barrier resonant-tunneling struc-
ture should be as little as 0.1 ps: the resonant-
state lifetime of an electron and the time re-
quired for a double-barrier structure to reach
equilibrium after an electrical impulse. This
predicted response time is the time required
for the device’s current to respond to a sudden
change in voltage. The comparison of the mea-
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sured and predicted times not only gives an
indication of the accuracy of the models, it also
indicates the fundamental limits of operation
imposed by the structure of double-barrier de-
vices. One of the most significant limits of oper-
ation is f .., the maximum useful frequency at
which the device exhibits NDR. This frequency
is the point above which NDR is no longer
observable at the terminals of the device.

If the voltage across a double-barrier struc-
ture is instantaneously changed, the current
through the device changes to adifferent steady-
state value. As in a Fabry-Perot resonator, the
steady-state charge in the well must decrease
when the current decreases, and increase when
the current increases. The lifetime of any reso-
nant state, including the one represented by an
electron initially placed in the well between the
two barriers of aresonant-tunneling structure,
is given by r = W/AE, where AE is the energy
half-width of the transmission probability func-
tion through the resonant state. It takes approx-
imately one lifetime to fill orempty the wellto a
new steady-state value. Since the carrier trans-
mission probability is determined by the ampli-
tude of the wave function inside the well, the
current will reach its new steady-state value in
approximately the lifetime of a resonant state.

The lifetime of an electron in between the
barriers has been calculated for three repre-
sentative structures by Sollner et al [5] and
ranges from 4 ps for a 2.5-nm AlAs barrier to
0.16 ps for a 3.0-nm Ga, ,Alj 3As barrier. In
Table 1, this time is found from r = 1/(27f,g).
The transit of electrons across the structure's
depletion region produces an additional delay
that ranges from 0.16 to 0.69 ps. Total delays,
the intrinsic response times, therefore range
from 0.4 to 5.0 ps.

For signals with periods much shorter than
the intrinsic response time, the current lags
the applied voltage and the I-V curve for the
high-speed signals should deviate markedly
from the dc I-V curve. The intrinsic response
time was first measured experimentally by
examining the difference between the dc I-V
curve measured and the I-V curve inferred from
high-frequency measurements. Because the re-
sponse times were in the picosecond range,

The Lincoln Laboratory Journal, Volume 1, Number 1 (1988)
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Fig. 2 — This double-barrier diode has 1- to 5-nm barriers and a 2- to 10-nm well.

operation at terahertz frequencies was nec-
essary.

The straightforward approach to determin-
ing the frequency response of a device is to
sweep through theI-V curve at increasing speed
until the measured I-V curve differs fromthe dc
curve. Unfortunately, it is difficult to measure
current at frequencies above those accessible
to sampling oscilloscopes (100 GHz). There-
fore, we used a differential measurement tech-
nique. We swept through alarge, low-frequency
voltage-range and measured the diode current
with relatively simple conventional techniques.
At the same time we superposed a small high-
frequency signal across the diode. The low-
frequency current revealed changes in curva-
ture of the I-V curve that were proportional to
the high-frequency signal. Besides tractabil-
ity, this method of measurement closely re-
sembles the actual operating conditions of de-
vices which utilize NDR. In practical operation,
adevice is biased into the negative differential
region by a large dc bias and the superposed
voltage doesn't extend far outside the NDR
region.

The circuit used for applying ac and dc fields

The Lincoln Laboratory Journal, Volume 1, Number 1 (1988)

to the double-barrier diode is shown in Fig. 3.
The corner-reflector mount was originally
developed for Schottky-diode mixers in the far
infrared [6]. Frequencies between dc and about
20 GHz can be applied through the coaxial con-
nector via the whisker that contacts the active
area. The GaAs substrate is soldered to the
chip stud, which is at the same ground poten-
tial as the corner reflector. For frequencies of
about 100 GHz to a few terahertz, the long
whisker acts as an antenna, and the conduct-
ing surfaces cause images of the whisker
to produce an antenna array. The array will re-
ceive energy in a beam that has a frequency-
dependent direction, but is approximately 45°
from all surfaces of the cube. The full cone-
angle of the beam is about 20°.

For the 2.5-THz measurements, for example,
the power produced by an optically pumped
methanol laser (about 100 mW) was matched to
the antenna pattern with a lens, thus coupling
about 50% of the incident power onto the
antenna and producing an ac signal across the
double-barrier structure. The characterization
of the corner-reflector mount at lower frequen-
cies (using measurements performed by Fet-
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terman et al} led to an estimate of 50 () for the
antenna impedance Z,. This parameter was
used in Eq. (1) to calculate the curves in Fig. 4.

At high frequencies the current responsivity
R;, whichis the change in dc current (AI), divided
by the change in ac power applied, (AP,.), is
given by

V) 21"(V)Zp ( 1 )2

Rj(V) = APge tl*ZA/Rsié wRgC

(1)

In Eq. 1, I” is the second derivative of the I-V
curve at the ac frequency of interest. This
expression gives the I-V curve for current re-
sponsivity measured over the voltage range of
interest. Measurements were made at 1, 138,
761, and 2,500 GHz on a double-barrier diode
with 3.0-nm well and barriers. The results atdc,

1 GHz and 2.5 THz are shown in Fig. 4. The
measurements for 138 and 761 GHz were essen-
tially identical to the 1-GHz curve. Since the
1-GHz signal's period is long compared with
the expected intrinsic response time, deviation
in the I-V curve shouldn't occur until frequen-
cies that are orders of magnitude higher are
reached. The reason for the change between dc
and 1 GHz is not known, but it is probably due
to slow traps in the material.

By 2.5 THz, the diode’s I-V curve looks quite
different from the dc curve. In one direction,
NDR has vanished, but it remains in the other
direction. Sollner et al 3] take this as evidence
that the intrinsic response time for this device
is of the order of r = (2~f)! =6 X 1014 s, This
result agrees approximately with theoretical

Table 1 — Measured and Calculated Parameters for
Three Different Wafers of Double-Barrier Diodes

Material Parameters
Barrier material

*Wafer

1 2 3

AlAs Gag ;Alg 3As AlAs

Barrier thickness (nm) 25 30 15
Well thickness (nm) 4.5 45 45
Doping outside barriers (cm-3) 1 X108 2 X107 2 X10"7
Electrical Parameters
Peak-to-valley ratio, 300 K 1.7/1 1.3/1 3.5/1
Peak current density (X10* A cm?) 0.8 1.2 40
Depletion layer at bias (nm) 15 30 70
Capacitance (fF)? 100 50 20
Maximum negative conductance (mS)? 5.0 8.0 13.0
Series resistance ({1)2 10 15 15
Oscillation Characteristics
DC bias Ig, Vg (MA, V) 0.7, 0.40 2.7,0.32 3.0,095
fosc (GH2ZP 20.7 43.7 201
: Theoretical
Maximum Oscillation Frequency
frnax (GH2)E 35 70 270
faept (G Hz)d 1,000 500 230
foe (GH2)® 40 1,000 400

92

8Typical values for a circular mesa of 4-um diameter.

bMaximum observed fundamental oscillation frequency.

max = (277C) (-G max/Rs-Grau /2

9From depletion layer drift time assuming a drift velocity of 107 cm/s.

eFrom calculation of energy width of transmission through double-barrier structure.

The Lincoln Laboratory Journal, Volume 1, Number 1 (1988}
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Fig. 3 — This corner-reflector mount is usedto apply signals to double-barrier diodes. For frequencies between dc and
20 GHz, the signal is coupled through the OSM connector. Above 100 GHz, the long whisker acts as an antenna,
coupling the signals into the chip from a full cone-angle of about 20°.

expectations from Table 1 for 3-nm barriers of
Al 95Gag 75As (f5g = 1 X 1015). The asymmetry
of both the dc I-V curve and the response may
indicate that the two barriers or the two deple-
tion regions are not identical.

The double-barrier diode's equivalent circuit,
shown in Fig. 5, provides a model for further
understanding of this device. Included in the
equivalent circuit are the voltage-dependent
dynamic conductance G(V), the series resis-
tance R, and the parallel capacitor C that is
inherent in the device structure. To a good
approximation, the capacitance is formed
across a combination of the two barriers plus
the depletion region on the anode side of the

The Lincoln Laboratory Journal, Volume 1, Number 1 (1988)

biased device. The slope of the low-frequency
I-V curve gives the approximate conductance,
ie, (dI/dV)! =R; +1/G~1/G.

RESONANT-TUNNELING
OSCILLATORS

The NDR displayed by the double-barrier
diode is the basis of a fast and simple two-
terminal oscillator. Interest in the oscillator
application stems from the need for a solid
state oscillation source at frequencies above
300 GHz. In this region, few fundamental-mode
solid state sources are available, so the double-
barrier diode would be useful for applications
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that require only modest amounts of power.
Furthermore, these oscillations give a direct
and unmistakable proof of the speed of these
devices. Of course, inherent circuit elements,
particularly the series resistance and the device
capacitance shown in Fig. 5, must be consid-
ered for circuit applications of these devices.

In the further analysis required for circuit
applications, the conductance, G(Vy), is inde-
pendent of frequency but strongly dependent
on the voltage amplitude, V,, across the device.
The real part of the impedance, Zp,, measured
across the equivalent circuit of Fig. 5 is nega-
tive up to a frequency given by the expression

" o 1/2
- 2 (max 2
fmax = .G ( R, Gmax) (2)

where Gp,,, is the maximum negative value of
dynamic conductance in the NDR region of the
I-V curve. For all frequencies above f,,,, the
real part of the terminal impedance will be posi-
tive, making it impossible for oscillations to
occur.

Brown et al [7] found double-barrier diode
oscillators that cover the frequency range of 20
to 200 GHz (frequencies below f .. ). Figure 6
shows the experimental results obtained in
this range with diodes from the wafers listed in
Table 1. The initial experiments were performed
with a device from Wafer 1 in a coaxial resona-
tor, giving an oscillation frequency of 20.7 GHz
and an output power well below 1 W. Attempts
to achieve oscillation with this device at fre-
quencies near 40 GHz in a WR-22 waveguide
resonator were unsuccessful, consistent with
the theoretical f,,, of 35 GHz. The first
millimeter-band results were obtained in the
vicinity of 30 GHz and 40 GHz in WR-22 and
WR-15 waveguide resonators, respectively,
using a device from Wafer 2. This device could
have achieved higher oscillation frequencies,
but because of the relatively low peak-to-valley
ratios of devices from Wafer 2, no attempt at
higher oscillation frequencies was made. The
wafer's low peak-to-valley ratio indicates that
devices from this wafer will provide limited
power output and logic-swing capability.

The voltage range over which NDR exists for
these devices limits the output power of oscil-
lators that use them. Kim and Brandli [8] and
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Fig. 4 — The current-voltage (I-V) curves of a double-
barrier diode show the variation with frequency of the
device’s negative differential resistance — it essentially
disappears at 2.5 THz.
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Fig. 5 — Using this equivalent circuit, the double-barrier
diode’s maximum frequency of oscillation can be easily
calculated.
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Fig. 6 — The output power versus frequency of reso-
nant-tunneling diodes for three different wafers was
measured in five different resonators.

Trambarulo {9] have shown that the maximum
output power, assuming a sinusoidal voltage
waveform, is P, = (3/16)Al/AV, where Al and
AV are the current and voltage ranges of the
negative resistance region. For the 4-um-
diameter diodes of Wafer 3 in Table 1, this rela-
tion gives P, =~ 225 uW. Diodes of larger area
can produce more output power, but G..,
scales linearly with diode area, making it very
difficult to obtain dc stability in larger devices.
All of the 4-um-diameter devices tested to date
have been stabilized with standard 50 () coaxi-
al loads.

Diodes from Wafer 3 have produced the most
powerful oscillations and the highest oscilla-
tion frequency to date. This wafer extended the
maximum observed oscillation frequency of
resonant-tunneling diodes from 56 to 201 GHz.
The output power produced at 201 GHz was
about 0.2 uW, although it reached 60 uW at
lower frequencies. Several of the diodes tested
did not oscillate at all. The difficulty in initiat-
ing oscillations near 200 GHz is consistent
with Eq. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>